Background/Aims: The current treatment for anemia associated with chronic kidney disease (CKD) includes the administration of erythropoiesis stimulating agents (ESAs) combined with iron supplementation. Molidustat, a hypoxia-inducible factor prolyl hydroxylase inhibitor, has potential to treat anemia associated with CKD through increased erythropoietin production and improved iron availability. Here, we report the effect of molidustat on iron metabolism. Method: Parameters of iron metabolism were monitored in three 16-week, randomized, controlled, phase 2 studies assessing the safety and efficacy of molidustat in the treatment of anemia associated with CKD in different populations: treatmentnaïve and previously ESA-treated patients not on dialysis, and previously ESA-treated patients on hemodialysis. Iron supplementation was left at the discretion of the investigator. Results: In treatment-naïve patients not on dialysis, transferrin saturation (TSAT), hepcidin, ferritin, and iron concentrations decreased with molidustat, whereas total iron binding capacity (TIBC) increased. Similar results were observed in previously ESA-treated patients not on dialysis, although changes in those parameters were larger in treatment-naïve than in previously ESA-treated patients. In previously ESA-treated patients receiving hemodialysis, hepcidin concentration and TIBC remained stable with molidustat, whereas TSAT and ferritin and iron concentrations increased. Generally, similar trends were observed in secondary analyses of subgroups of patients not receiving iron supplementation. Conclusions: Molidustat is a potential alternative to standard treatment of anemia associated with CKD, with a different mechanism of action. In patients not receiving dialysis, molidustat increases iron availability. In patients receiving hemodialysis, further investigation is required to understand fully the mechanisms underlying iron mobilization associated with molidustat.
Introduction
Anemia, a common complication of chronic kidney disease (CKD), increases in frequency with CKD severity [1] , and is associated with poor quality of life and in-This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution for commercial purposes as well as any distribution of modified material requires written permission. creased risk of cardiovascular events, hospitalizations, and mortality [2, 3] . The etiology of anemia was originally attributed to impairment in erythropoietin (EPO) production in the kidneys, resulting in decreased levels of hemoglobin (Hb) [1] . However, the use of recombinant human EPO has revealed that in addition to reduced EPO production, iron deficiency is also an important factor in the pathogenesis of anemia associated with CKD [4] .
Because approximately 70-80% of the body's iron is contained in Hb, iron metabolism and erythropoiesis are closely interconnected [5] . Iron homeostasis is tightly regulated via a network of proteins, such as hepcidin, transferrin, and ferritin, which are involved in absorption, transport, and storage of iron respectively [6, 7] . Dysregulation of iron homeostasis in patients with anemia associated with CKD is multifactorial. Impaired renal clearance and inflammation are 2 mechanisms thought to be involved in hepcidin excess that result in reduced iron absorption [8, 9] . In addition, some patients have decreased total body iron stores, whereas others have adequate iron stores but low circulating iron levels, leading to insufficient delivery of iron to the site of erythroblast production [7, 10] .
The administration of erythropoiesis stimulating agents (ESAs) combined with iron supplementation represents the current treatment for anemia associated with CKD. Generally, the use of ESAs has improved patients' quality of life; however, growing concerns regarding their safety, including the risk of cardiovascular events and stroke, have led to a reduction in target Hb levels and doses of ESAs worldwide [11] [12] [13] . Furthermore, the use of intravenous (i.v.) iron supplementation has increased to counterbalance the decrease in ESA dose used in treating anemia associated with CKD [11] . However, in some studies i.v. iron has been associated with rare hypersensitivity reactions [14, 15] . It has also been hypothesized that excessive iron supplementation may exacerbate infections and cardiovascular events; however, the recent Proactive IV Iron Therapy in Haemodialysis Patients trial did not demonstrate any significant increase in cardiovascular events or infections in the group receiving a high dose of iron compared with the low-dose group [16] . Therefore, novel approaches to treat anemia and improve iron utilization in patients with CKD are needed.
The use of hypoxia-inducible factor prolyl hydroxylase (HIF-PH) inhibitors has the potential to increase endogenous EPO production and enhance iron availability to the bone marrow in patients with anemia associated with CKD [4, 17, 18] . Of the 3 different isoforms of HIFs, HIF-2α seems to have the most prominent role in regula-tion of genes involved in iron metabolism, with HIF-1α playing a smaller role [19] . Indeed, HIF-2α directly upregulates the only known iron exporter, ferroportin, resulting in increased iron availability through iron export from stores in macrophages [20] . Furthermore, HIF-2α indirectly suppresses hepcidin expression via erythropoietic activity leading to an increase in iron availability [21] . In addition, HIF-1α is involved in the regulation of critical proteins in iron mobilization, including transferrin and the transferrin receptor [22, 23] .
Molidustat is an orally bioavailable HIF-PH inhibitor and, as such, stabilizes HIF-1α and HIF-2α [24] . Therefore, molidustat has the potential to improve anemia in patients with CKD through increased endogenous EPO production and improved iron utilization. In preclinical studies, it was found that molidustat was effective in raising hematocrit levels through increasing endogenous EPO levels to a normal physiological range [25, 26] . Additionally, molidustat was associated with a reduction in hepcidin mRNA expression in rats [25] . Here, we report the effect of molidustat on iron metabolism as evaluated in three phase 2b, short-term studies as part of the DaIly orAL treatment increasing endOGenoUs EPO (DIALOGUE) program. The efficacy, safety, and tolerability of molidustat in these studies were reported previously [27] [28] [29] . Molidustat was generally well tolerated and was able to elevate and maintain Hb levels within a pre-specified range in patients previously treated with ESAs and in treatment-naïve patients [27] .
Materials and Methods
DIALOGUEs 1 (D1), 2 (D2), and 4 (D4) were 16-week, randomized, controlled, phase 2b studies designed to evaluate the safety and efficacy of molidustat in the treatment of anemia associated with CKD in 3 different populations. Parameters of iron metabolism were monitored as exploratory variables and represent the focus of this publication.
Study Design
D1 was a placebo-controlled, double-blind, fixed-dose trial of molidustat in ESA-treatment-naïve patients with anemia associated with CKD who were not receiving dialysis treatment [27] . D2 was an open-label, dose-optimized trial comparing molidustat and the ESA darbepoetin alfa (subsequently referred to as darbepoetin) in patients with anemia associated with CKD who were previously treated with stable doses of darbepoetin and who were not receiving dialysis treatment [27, 28] . Finally, D4 was an open-label, dose-optimized trial comparing molidustat and the ESA epoetin alfa or beta (subsequently referred to as epoetin) in patients with anemia associated with CKD who were previously treated with stable doses of epoetin and who were receiving long-term, regular hemodialysis [27] . At the time of screening, participants were required to have ferritin levels ≥100 and < 1,000 μg/L or transferrin saturation (TSAT) ≥20%. Additional key inclusion and exclusion criteria are summarized in online supplemental Table S1 (for all online suppl. material, see www.karger.com/doi/10.1159/000502012).
Study Treatment
In D1, patients were randomized (1: 1: 1: 1: 1: 1) to oral, fixed doses of molidustat (25, 50, or 75 mg once daily, or 25 or 50 mg twice daily) or placebo. Patients discontinued the study if they experienced one of the following "stopping events": blood Hb concentration < 8.0 or > 13.0 g/dL, or an increase in blood Hb concentration of > 1.0 g/dL in 2 weeks.
In D2, patients were randomized (1: 1: 1: 1) to receive 1 of 3 starting doses of oral molidustat once daily (25, 50, or 75 mg) or to remain on their current dose of darbepoetin. Dose regimens were adapted every 4 (±1) weeks for each patient based on changes in blood Hb concentrations at the previous dose to achieve or maintain Hb levels of 10.0-12.0 g/dL. Darbepoetin was dosed according to prescribing information and the site's standard practice.
In D4, patients were randomized (1: 1: 1: 0.6: 1) to receive 1 of 4 starting doses of molidustat once daily (25, 50, 75, or 150 mg) or to remain on their current dose of epoetin. Dose regimens were adapted every 4 (±1) weeks for each patient based on changes in blood Hb concentrations at the previous dose to achieve or maintain Hb levels of 10.0-11.0 g/dL. Epoetin was dosed according to prescribing information and the site's standard practice.
In all 3 studies, oral and i.v. iron supplementation was dosed according to site standards at the discretion of the physician to maintain adequate levels during the study.
End Points
The primary efficacy end point in each study was the change in blood Hb concentration between baseline and the evaluation phase, defined as the average of all measurements taken during the last 4 weeks of the treatment phase. Here, we present results from the analysis of blood Hb concentrations in the molidustat combined-dose group, defined as the pooled molidustat dose groups. In addition, the exploratory variables of iron metabolism parameters (hepcidin, serum ferritin, iron concentrations, serum TSAT, and total iron binding capacity [TIBC]) at baseline, week 5, 9, 13 , and 17 are also reported for the molidustat combined-dose group. With the exception of hepcidin concentration (measured by liquid chromatography-mass spectrometry/mass spectrometry), which is reported to be highly variable [30] , the parameters are widely used and generally recognized as reliable, accurate, and relevant, and were evaluated using standard methods. TSAT was calculated using serum iron concentration and TIBC based on the following formula: TSAT = (Fe/TIBC) × 100. Secondary analyses of iron metabolism parameters were performed in a subpopulation of patients not receiving oral or i.v. iron supplementation.
Statistical Analysis
The full analysis set (FAS; all patients who were randomized and received at least one dose of study agent) was used to analyze iron metabolism parameters. The change in blood Hb concentration between baseline and the evaluation phase was assessed using observed case data from the modified intention-to-treat set (mITT; all patients who were randomized, received at least one dose of study agent, and had at least one post-baseline efficacy value recorded). Data were analyzed using descriptive statistical methods, and the statistical evaluation was performed using the hosted SAS version release 9.3 (SAS Institute Inc., Cary, NC, USA).
Results

Baseline Characteristics and Patient Disposition
Baseline demographic and clinical characteristics for the FAS of all 3 of the DIALOGUE studies have been reported in detail previously [27] and are summarized in Table 1 , together with the baseline characteristics of the subpopulation of patients not receiving oral or i.v. iron supplementation. Iron parameters at baseline for each study are presented in Tables 2-4 .
Of 121 patients randomized in D1, all (101 molidustat, 20 placebo) were included in the FAS and mITT population, and 60 patients (59.5%) receiving molidustat and 2 patients (10.0%) receiving placebo discontinued the study. Of those who discontinued molidustat, the majority discontinued by the last 4 weeks and had a blood Hb concentration above the upper limit of 13 g/dL or an increase in blood Hb concentration of > 1.0 g/dL in 2 weeks. In D2, all of the 124 randomized patients (92 molidustat, 32 darbepoetin) were included in the FAS and mITT population, and 20 patients (21.7%) receiving molidustat and 5 patients (15.6%) receiving darbepoetin discontinued the study. All of the 199 patients randomized in D4 (157 molidustat, 42 epoetin) were included in the FAS and mITT population, and 53 patients (33.8%) receiving molidustat and 3 patients (7.1%) receiving epoetin discontinued the study.
In patients who did not receive iron supplementation, there were no differences in baseline demographic and clinical characteristics between the molidustat and control groups of all 3 DIALOGUE studies, with the exception of age in D1 in which the mean (SD) age in the placebo group was 78.6 (6.9) years compared with 70.1 (11.4) years in the molidustat group.
In D1, the number of patients not receiving iron supplementation during the study was 53 (52.4%) in the molidustat group and 8 (40.0%) in the placebo group. Of the patients randomized in D2, 42 (45.7%) in the molidustat group and 16 (50.0%) in the darbepoetin group did not receive iron supplementation. In D4, the number of patients not receiving iron supplementation during the study was 59 (37.6%) in the molidustat group and 15 (35.7%) in the placebo group. DOI: 10.1159/000502012 
Treatment Exposure
In D1, the mean (SD) treatment duration was 74.7 (39.7) days for molidustat with a mean (SD) total cumulative dose of 4,327.0 (2,917.9) mg. In D2, the mean (SD) treatment durations were 105.0 (25.0) days for molidustat and 103.2 (24.6) days for darbepoetin. The mean (SD) daily dose per patient was 45.4 (24.6) mg in the molidus-tat group and 0.03 (0.02) µg/kg in the darbepoetin group. In D4, the mean (SD) treatment durations were 94.8 (31.6) days for molidustat and 111.7 (10.6) days for epoetin. The mean (SD) daily dose per patient was 66.2 (37.6) mg in the molidustat group and 12.86 (9.9) IU/ kg in the epoetin group. 
Iron Metabolism
In D1, mean serum hepcidin concentrations decreased over the 16 weeks of treatment (from baseline to week 17) in patients treated with molidustat. A similar decrease was associated with molidustat in the subgroup analysis of patients who did not receive iron supplementation (online suppl. Table S2 ). In the placebo group, mean serum hepcidin concentrations increased over the 16 weeks of treatment in the FAS but decreased in patients not treated with iron supplementation (Table 2, Fig. 1a ).
In the FAS, mean serum ferritin concentrations in patients receiving molidustat decreased over the 16 weeks of treatment (from baseline to week 17), whereas in the placebo group, mean serum ferritin concentrations initially increased before returning to baseline levels from week 13 to 17. Similarly, in patients not receiving iron supplementation, mean serum ferritin concentrations decreased in the molidustat group and remained stable in the placebo group during the 16-week treatment period ( Table 2 , Fig. 2a ).
In the FAS, mean serum iron concentrations and mean serum TSAT decreased over the 16 weeks of treatment (from baseline to week 17) in both molidustat and placebo groups. In patients not receiving iron supplementation, similar trends to those in the FAS were observed for mean serum iron concentrations and mean serum TSAT in both treatment groups ( Table 2 , online suppl. Fig. S1a, S2a) .
TIBC increased in the molidustat group between baseline and week 17 but remained stable in the placebo group throughout the treatment period; for both treatment groups, similar profiles were observed in the subgroup of patients not treated with an iron supplement ( Table 2 , online suppl. Fig. S3a ).
In D2, mean serum hepcidin concentrations decreased during the 16-week treatment period (from baseline to week 17) in patients receiving molidustat, and increased in the darbepoetin group. Similarly, in patients who did not receive iron supplementation, molidustat treatment was associated with a decrease in mean serum hepcidin concentrations, while darbepoetin treatment was associated with an increase from baseline to week 17 ( Table 3 , Fig. 1b ). Furthermore, the decrease in hepcidin concentrations associated with molidustat treatment was numerically lower in the FAS than in patients not receiving iron supplementation.
In the FAS and in patients who did not receive iron supplementation, both molidustat and darbepoetin treatments were associated with a decrease in mean serum ferritin concentrations over the 16 weeks of treatment (Table 3, Fig. 2b , online suppl. Table S3 ). Mean serum iron concentrations decreased during the 16-week treatment period (from baseline to week 17) in patients receiving molidustat and increased in the darbepoetin group in both the FAS and the subgroup of patients not receiving iron supplementation (Table 3 , online suppl. Fig. S1b) .
Serum TSAT and TIBC remained stable during the study and were similar in the molidustat and darbepoetin groups; for both treatment groups, similar profiles were observed in the subgroup of patients not receiving iron supplementation (Table 3 , online suppl. Fig. S2b, S3b) .
In D4, mean serum hepcidin concentration remained stable during the study period in patients treated with molidustat but increased in the epoetin group. In patients treated with molidustat but not receiving iron supplementation, mean serum hepcidin concentrations decreased from baseline to week 17 and increased in the epoetin group (Table 4 , Fig. 1c , online suppl. Table S4 ).
In the FAS, mean serum ferritin concentrations increased over the 16 weeks of treatment (from baseline to week 17) in patients receiving molidustat and in those receiving epoetin. In contrast, in patients who did not receive iron supplementation, mean serum ferritin concentrations decreased from baseline to week 17 in both treatment groups (Table 4, Fig. 2c ).
Both molidustat and epoetin were associated with an increase in mean serum iron concentration over the course of the study in the FAS and in the subgroup of patients not treated with iron supplementation ( Table 4 , online suppl. Fig. S1c ).
Mean serum TSAT remained stable during the study in both treatment groups and was similar in the FAS and in patients not receiving an iron supplement ( Table 4 , online suppl. Fig. S2c ).
In the FAS, TIBC remained stable in both treatment groups during the 16-week period. In the subgroup analysis, TIBC increased from baseline to week 17 in the molidustat group and remained stable in the epoetin group (Table 4 , online suppl. Fig. S3c ).
Change in Blood Hb Concentration
The changes in mean blood Hb concentration from baseline to the evaluation phase for each molidustat starting dose and for each study have been reported in detail previously [27] . Here, we present a summary of the change in mean Hb concentration in the pooled molidustat dose groups for the FAS and for the subpopulation of patients who did not receive iron supplementation.
In D1, the mean blood Hb concentration in the molidustat group increased from baseline during the first 12 weeks and then plateaued during the last 4 weeks of treatment, which is largely due to discontinuations resulting from high blood Hb concentrations ( Table 2 , Fig. 3a ). In patients who did not receive iron supplementation, molidustat was associated with an increase in mean blood Hb concentration from baseline to week 17 ( Table 2 , Fig. 3a ). In D2, mean blood Hb concentrations in both the molidustat and darbepoetin groups were maintained within the target range (10.0-12.0 g/dL) throughout the study. Similarly, in patients not receiving iron supplementation, mean blood Hb concentrations were maintained in both treatment groups during the study ( Table 3 , Fig. 3b ). In D4, mean blood Hb concentrations in the molidustat group fell just below the lower limit of the target range (10.0-11.0 g/dL) from week 7 to 11 and otherwise remained within the target range ( Table 4 , Fig. 3c ). For patients who did not receive iron supplementation in the molidustat group, mean blood Hb concentrations fell just below the lower limit of the target range from week 5 to 9 and were maintained within the target range otherwise ( Table 4 , Fig. 3c ).
Discussion
We investigated the effect of the HIF-PH inhibitor molidustat on iron metabolism in 3 different populations of patients with CKD. In treatment-naïve patients not on dialysis, molidustat was associated with greater iron mobilization than placebo (D1). In patients not on dialysis but who had previously received treatment with the ESA darbepoetin (D2), molidustat was associated with greater changes in markers of iron metabolism than darbepoetin. Finally, in patients on hemodialysis and who had previously received ESA therapy with epoetin (D4), molidustat and epoetin had similar effects on iron parameters. In each study population, similar trends were observed in both the subgroups of patients who did not receive iron supplementation and in the FAS, with the exception of hepcidin and ferritin in the placebo group in D1 and ferritin in both treatment groups in D4. In addition, in each study population, molidustat corrected or maintained Hb concentrations within the target ranges in the FAS and in patients not receiving iron supplementation, except in D4 in which a temporary drop in Hb level below the target range was observed. This was driven by the Hb level decrease associated with lower starting doses of molidustat in the first weeks of treatment.
The reason why we observed such clinical differences between molidustat and standard of care might be due to the difference of mode of action. ESAs stimulate erythropoiesis through direct interaction with the EPO receptor on erythroid cells in the bone marrow [31, 32] and therefore are unlikely to modulate iron metabolism other than through their erythropoietic activity, whereas HIF-PH inhibitors act upstream by stimulating EPO production in the kidney via stabilization of the HIF transcription factors, which upregulate a large number of genes including those encoding key proteins involved in iron metabolism [33] .
The biochemical parameters examined in this study play important roles in the mobilization of iron. Hepcidin is known to induce internalization and degradation of the iron exporter ferroportin; therefore, a decrease in hepcidin levels results in better iron absorption and an increased access to iron stores. Consequently, as iron is being exported and utilized for erythropoiesis, levels of ferritin, the protein responsible for the intracellular storage of iron, decrease. However, because hepcidin and ferritin are also acute-phase proteins, their concentrations must be interpreted cautiously in the setting of inflammation [7, 34] . Transferrin is essential in transporting iron into cells. TIBC is the sum of all iron-binding sites on transferrin, and TSAT is the ratio of the total number of occupied sites to TIBC; therefore, TIBC and TSAT are indicators of circulating iron levels.
In patients with CKD who were not on dialysis and who had not previously received ESA therapy (D1), molidustat was associated with greater decreases in levels of hepcidin and ferritin and greater increases in TIBC than placebo, consistent with enhanced iron mobilization, increased erythropoiesis, and the mechanism of action of HIF-PH inhibitors [35, 36] . Similar changes in iron metabolism were observed in studies of the HIF-PH inhibitors vadadustat and roxadustat in patients with CKD who were not on dialysis [37] [38] [39] . Not surprisingly, the decreases in mean hepcidin, ferritin, and iron levels were greater in patients not receiving iron supplementation compared with the overall study population.
When molidustat was compared with darbepoetin in patients with CKD who were not on dialysis and who had previously received ESAs (D2), both treatments were associated with a decrease in mean ferritin levels and stable TIBC and TSAT. In contrast, only molidustat was associated with decreased mean hepcidin and iron levels, suggesting that iron mobilization was greater in patients receiving molidustat than in those receiving darbepoetin. These trends were confirmed by the results of the secondary analysis in patients not receiving iron supplementation. The similar effects of molidustat and darbepoetin on Week 5
Week 7
Week 9
Week 11 ferritin, TIBC, and TSAT may be due to the common erythropoietic activity of both treatments, whereas the differences observed in hepcidin and iron levels may result from the distinct mechanism of action of molidustat, an HIF-PH inhibitor, and darbepoetin, an ESA [35, 40] . In patients not receiving dialysis, changes in iron mobilization associated with molidustat treatment, indicated by decreased hepcidin, ferritin, and iron levels, were qualitatively larger in ESA treatment-naïve patients (D1) than in previously ESA-treated patients (D2). These differences in iron parameters were also observed in the subpopulation of patients not receiving iron supplementation, and may reflect a ceiling effect for iron parameters in ESA-treated individuals.
In patients receiving hemodialysis treatment (D4), changes in iron parameters were similar in both the molidustat and epoetin groups, with ferritin levels and TIBC slightly increased, and hepcidin levels and TSAT remaining stable. However, the proportion of patients receiving i.v. iron supplementation was considerably higher in D4 than in DIALOGUEs 1 and 2, and i.v. iron supplementation has been shown to have a greater effect on ferritin levels and TSAT than oral iron supplementation [41] . In addition, hemodialysis is associated with high levels of inflammatory activity [42] ; the higher baseline levels of hepcidin and ferritin in D4 than in DIALOGUEs 1 and 2 are consistent with previously reported data [8, 11] and may reflect differences in inflammatory activity between the studies [43] . Thus, i.v. iron supplementation combined with high levels of background inflammatory activity may have masked the effect of molidustat on iron availability in patients with CKD receiving hemodialysis treatment. This was further confirmed by the larger decreases in ferritin and hepcidin levels associated with molidustat compared with epoetin in patients who did not receive iron supplementation. These results are in line with those from Provenzano et al. [44] who reported a decrease in hepcidin and ferritin levels following treatment with roxadustat in patients with CKD receiving hemodialysis and not receiving i.v. iron supplementation.
Because molidustat modulates Hb and iron levels via a different mechanism of action from ESAs, it offers an alternative treatment option for patients with anemia associated with CKD. In addition, the lower hepcidin levels and enhanced iron mobilization associated with molidustat compared with darbepoetin in patients not receiving dialysis may reduce the need for iron supplementation and the risk of infection and allergic reactions associated with the use of i.v. iron.
The strength of the present data is that they were derived from 3 randomized clinical trials in 3 different populations of patients with anemia associated with CKD (dialysis, nondialysis, treatment-naïve, and previously treated). The 3 studies included either a placebo control or an ESA-control arm. However, the results presented here should be interpreted in the context of several limitations. Importantly, there was no predefined strategy for controlling iron supplementation, which was left to the discretion of the physician. The secondary analysis of iron parameters in patients not receiving iron supplementation was also not predefined. Finally, these studies were of relatively short duration, and the numbers of patients in each treatment group were low.
Conclusions
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